Review ofTraumatic Conductive Deafness
By definition, conductive deafness may be caused by any lesion of the sound-conducting apparatus of the ear. For the sake of completeness, mention must be made of the relatively common traumatic lesions of the external auditory canal. I refer particularly to foreign bodies and their effects.
Foreign Bodies in the Ear A large foreign body may occlude the meatus completely; a smaller one, especially a vegetable foreign body, may produce such an intense inflammatory reaction in the meatal skin or may itself become so swollen if hygroscopic, that obstruction soon occurs. In either event, some degree of deafness will result.
In the hands of a skilled otologist, the treatment of these foreign bodies is relatively simple but serious damage to the sound-conducting apparatus may result from penetration of the tympanic membrane, by the foreign body itself or by unskilled attempts to remove it. Rarely, the ossicles themselves may be damaged by these injuries.
Traumatic Rupture ofthe Tympanic Membrane Apart from those perforations which are caused by foreign bodies, the drumhead may also be ruptured by the effects upon the membrane of compression, either indirectly through the eustachian tube or directly through the external meatus.
I have myself produced a traumatic rupture of a frail, thin tympanic membrane by a simple straightforward eustachian inflation through a catheter; there was quite an explosive report but 31 fortunately the tear healed within a few days. This is a relatively uncommon occurrence, as also is an actual rupture from barotrauma.
However, direct compression injuries are not so rare. We all see, from time to time, the drumhead that has been ruptured by a good 'cuffing' on the ear, usually by a parent or a teacher, occasionally by the nearby explosion of a firework and, amongst sportsmen, by boxing injuries or by a blow on the ear when the meatus is filled with water, as in water polo. We may also see the perforation which has been caused by syringing the ear, although it is doubtful whether this ever occurs unless the membrane has been weakened by previous disease.
A rather special form of compression injury is that produced by blast: Korkis (1946) found that blast rupture was most likely to be caused by high-explosive shells; that in about three-quarters of the cases the perforation was unilateral, the ear nearer to the explosion being the one usually affected; and that bilateral rupture was more common when the injury took place in a confined space. Blast rupture always affects the pars tensa, never the pars flaccida; the perforation may be of any size but is seldom large; in most cases the perforation occurs anteriorly and mainly in the lower half of the membrane. Finally, most of these perforations have a clean-cut edge and appear to be 'punched out', in contrast with nearly all other traumatic perforations, which usually have a ragged edge, often hvmorrhagic.
Traumatic perforations are of great importance in skull fractures. As head injuries become more common, especially from road accidents, so also do fractures of the skull base; the temporal bone is not uncommonly involved. Eighty per cent of these fractures are of the longitudinal type in which the line of fracture occurs in the long axis of the petrous portion; it is this type of injury which may implicate the sound-conducting apparatus, producing a conductive deafness.
When the fracture line spreads only into the thin tegmen tympani, bleeding may occur into the tympanic cavity; the resulting hmmotympanum gives rise to a characteristic hemorrhagic appearance of the drum; if the tympanic membrane also is torn, blood will enter the external meatus. Bleeding from or into the ear is one of the signs which must always be looked for in any head injury. It indicates a fracture, even though this may not be seen in the X-rays. Provided that the patient recovers from the cerebral damage, the hearing will recover in the majority of these cases, so long as the ear is left well alone and any threat of secondary infection is treated promptly and energetically with systemic antibiotics.
Indeed in unilateral cases, which most of these injuries are, it is fair to say that the demonstration of a conductive deafness is usually a good prognostic sign, distinguishing these recoverable lesions from the untreatable perceptive deafness which results from bleeding into the labyrinth in the less common transverse fractures of the petrous temporal bone. Nevertheless, a conductive deafness may persist after the membrane has healed and the hamotympanum absorbed; it is in these cases that our attention must be turned to the possibility of some injury of the ossicles themselves.
These ossicular lesions must have been occurring for almost as long as heads have been injured, yet it was not until we became familiar with the modern operating microscope and with the exploration of the middle ear, especially through a permeatal tympanotomy, that we began to recognize these closed injuries to the structures within the middle ear.
Traumatic Disruption of the Ossicular Chain
As long as twenty-one years ago Kelemen (1944) examined several sections of temporal bones removed from persons who had died after head injuries and found several instances of disruption of the incudostapedial and malleo-incudal joints. It came as a considerable surprise to me, in reviewing the literature, to find that the earliest clinical reports of these traumatic disruptions of the ossicular chain began to appear only eight or nine years ago.
Dr J V D Hough, of Oklahoma City, who presented a paper to this Section in June 1964, has a unique experience of unusual lesions in the middle ear; yet it was not until 1958 that he reported his first case of a traumatic ossicular lesion. In that year he submitted his Candidate's Thesis to the American Laryngological, Rhinological and Otological Society; its title was: 'Malformations and Anatomical Variations seen in the Middle Ear during the operation for Mobilization of the Stapes'. In reporting this case of what he then described as 'a rare skeletal anomaly involving complete disarticulation of the incus from the stapes', he expressed some doubt as to its traumatic origin, despite 'an unsolicited history of head trauma'. Indeed, he went so far as to add: 'Needless to say, the adult memory of the details of a childhood injury is often cloudy, and the patient is likely to be influenced by suggestions given down through the years by professional people as well as by the immediate family. The dislocation of this joint by any non-fatal blow to the head is open to serious doubt.'
To quote Hough's own description of the operation:
'The articulating surfaces of the head of the stapes and the lenticular process of the incus were roughened by the use of small picks. A small shaving of bone was removed from the edge of the bony external canal wall and teased into position between the articulating surfaces of the two ossicles. The hearing was instantly restored to normal.'
There was no regression after two years.
Despite his misgivings about the traumatic origin of this lesion, he did concede that the patient, unprompted, had correlated the trauma with the hearing loss and he concluded that: 'It may be possible that as more explorations of the middle ear are performed in the future we will encounter dislocations and malformations which have resulted from head injury.'
He was right, of course; I have laboured this piece of otological history merely to emphasize how very recent is our knowledge of these traumatic lesions of the ossicles.
That was only eight years ago and Hough could then find only one other case of incudostapedial joint separation in the literature, in a paper by Howard House (1956) and 'presumably not due to head injury'; also one case of dislocation of the incus published by Schuknecht & Davison (1956) but due to injury fourteen years earlier during a simple mastoidectomy. However, this case of Hough's, published in 1958, was not the first of its kind, for it had already been anticipated by Thorburn who, in 1957 , reported a case of traumatic conductive deafness which he had first seen two years earlier and upon which he had operated in 1956:
This patient had had a head injury in 1941 and there had been bleeding from the left ear. When he was first seen the left tympanic membrane was normal but tuning-fork tests demonstrated a conductive deafness. The ear was explored in the following year, fifteen years after the injury: the head of the malleus was fixed in the attic by bony fixation and the incus projected beyond the stapes without making contact with it; the stapes was intact and mobile. The incus and head of the malleus were removed and the tympanic membrane was pushed inwards to make contact with the head of the stapes, thus producing a myringostapediopexy. Post-operatively the hearing was practically normal.
A similar method was successfully employed by Bauer in 1958 and, in the following year, Freeman reported a case in which he was able to reposition an incus which had been dislocated sixteen years earlier during the course of a simple cortical mastoid operation, done when the patient was only 5 months old. This operation resulted in an improvement of hearing by air-conduction of no less than 60 dB.
Since the publication of these earlier reports, several others have appeared, one of the most important being a further paper by Hough in 1959, in which he described two more cases of incudostapedial joint separation due to head injury. In one of these he was able to effect a marked improvement of the hearing simply by repositioning the lenticular process of the incus on to the head of the stapes. He also reported a third case of incudostapedial joint separation which was due to necrosis of the lenticular process of the incus following an earlier operation for mobilization of the stapes.
Separation of the incudostapedial joint is certainly one of the commonest traumatic lesions of the ossicles; in March 1962 I presented to this Section a brief report of one such case, in which continuity was re-established with a piece of polythene tubing (Ballantyne 1962 ):
The patient had sustained a severe head injury in 1957; there had been bleeding from the right ear and deafness had been noticed in that ear very soon after his recovery of consciousness. At exploratory tympanotomy ( Fig IA) , the tip of the incus was seen to be distorted, its lenticular process had disappeared and there was a considerable gap between the incus and the head of the stapes. The stapes was intact and mobile. The gap was bridged with a small piece of polythene tubing (Fig iB) and, on the following morning, the hearing was almost normal. This improvement was maintained for six months but thereafter the hearing began to deteriorate. The middle ear was explored for a second time one year after the original operation ( Fig Ic) ; the polythene strut was seen to be slipping from its original position and the hearing by air-conduction had fallen to Ballantyne 1962) . A, incudostapedial joint separation with necrosis of lenticular process and tip of long process of incus. B, interposition of notched polythene tube between incus and stapes. c, slipping ofpolythene strut. D, fat-and-wire prosthesis (Schuknecht type I) after total stapedectomy. (Reproducedfrom Ballantyne, 1965, by kindpermission) 30-35 dB in the speech frequencies. The strut and the stapes were both removed and a fat-and-wire prosthesis was inserted after the method of Schuknecht's original technique for stapedectomy ( Fig 1D) . Three months later the hearing had been improved to a level of 20 dB loss by air-conduction, and this had been maintained two years later.
Later in the same year, I saw an almost identical lesion in a young flying officer of a large commercial airline; on this occasion the interposition of a piece of notched polythene tubing between the incus and the stapes resulted in almost normal hearing. He was able to return to full flying duties without any further loss of hearing. Hammond reported an interesting series of 5 cases of conductive deafness following head injury. In one of these there was a simple luxation of the incudostapedial joint but in two others (Fig 2A) the incus had been completely dislocated from both the malleus and the stapes. Apart from these lesions of the incus, there was Hammond 1964) one case ( Fig 2B) of fracture of the stapedial crura with displacement of the whole stapes superstructure and one (Fig 2c) of dislocation of the malleus, which was lying on the promontory embedded in fibrous adhesions.
Traumatic fractures of the stapes have also been reported by Robinson (1961) and Sade (1964) but one of Sade's cases followed a stab in the ear with a paint brush.
Mr John Groves recently operated upon a young negro: The patient, aged 25, was beaten up by ten men with sticks on March 10, 1965. He lost consciousness and had bleeding from his right ear. Two days later he developed a facial paralysis on the same side and a pure-tone audiograph on the following day ( Fig 3A) showed a severe conductive deafness in his right ear. One month later his facial palsy had almost completely recovered but the deafness persisted. The right ear was explored by a permeatal tympanotomy. Immediately after reflection of the tympanic annulus out of its sulcus, a slender bar of bone was seen to be firmly adherent to the deep surface of the tympanic membrane. The membrane was dissected very carefully off this bone (Fig 4A) , which appeared to occupy the position of the incus; indeed it seemed as though the incus had been dislocated from the head of the stapes, which was just visible. However, removal of bone from the posterosuperior deep meatal wall (the striped area in Fig 4A) disclosed the incudostapedial joint ( Fig 4B) and it was seen that the bar of bone which had been adherent to the tympanic membrane was, in fact, the malleus and not the incus. The malleus ( Fig 5) had been dislocated and had become wedged firmly against the incudostapedial joint.
There was no movement in any of the ossicles, until the fixed part of the handle of the malleus (the striped portion in this drawing) had been removed; the incudostapedial joint then became mobile; the tympanomeatal flap was replaced on to the tip of the mobilized incus, thus converting to a myringo-incudopexy. This was followed ( Fig 3B) by almost complete closure of the air-bone gap.
The incus is undoubtedly the ossicle most frequently affected by head injuries. That this should be so is not, of course, surprising. The malleus is attached, not only to the tympanic membrane but also to the anterior and posterior malleolar ligaments; the footplate of the stapes is fixed in the oval window by the annular ligament; but the incus, apart from a few strands of connective tissue in the fossa incudis, lacks any form of anchorage by ligaments.
In the most recent paper on this subject, Does & Bottema (1965) record the surprisingly large number of 15 cases of traumatic conductive deafness, seen by them in one hospital, the Utrecht University Clinic, during the past two or three years. They had performed 13 tympanotomies and, in no fewer than 9, lesions of the incus were found. These varied from simple luxation of the incudostapedial joint to total dislocation of the incus, with or without fricture or atrophy of the lenticular process. In the remaining 4 cases, the stapedial crura had been fractured. Bleeding from the ear was reported in 13 of these 15 cases, facial paralysis in 2. Fractures of the posterosuperior bony meatal wall were seen in 5 of their 13 tympanotomies; they were also recorded in 2 out of 3 cases reported by Hough (1959) , in 4 of Hammond's 5 cases, and in 1 of my own 2 cases.
It is interesting to speculate on the mechanism of production of these traumatic lesions of the ossicles. Hough (1959) has suggested three possibilities: (1) That a severe vibratory reaction to an impact which is sufficient to produce a fracture of the skull may cause momentary separation and weakening of the joint tissues.
(2) That when the head is in motion and strikes a stationary object, or when the head is struck by a moving object, the whole head tends to continue in motion; the movable objects within the head, including the ossicles, must then react in a physical way to acceleration and decelerationin other words, these lesions may be caused by inertial strains. (3) That such injuries may give rise to a sudden severe tetanic contraction of the intratympanic muscles, with an abrupt change in the axis of rotation of the ossicles. Does & Bottema believe it is more probable that the skull, including the middle ear, is distorted in such a way as to displace the ossicles. In support of this view, they emphasize that 3 of their 4 cases of fractured stapedial crura occurred in patients under 16 and they believe that these particular lesions probably resulted from the greater distortion of the juvenile skull.
Most patients with ossicular lesions have sustained severe head injuries, usually with demonstrable fractures of the skull base. Reference has already been made to Sade's case which followed a stab wound with a paint brush; Andersen et al. (1962) reported 2 cases which followed perforating lesions of the tympanic membrane, one from a hairpin and one from a myringotomy. In a personal communication (1964) Hough told me of 2 cases which he had seen of incudostapedial joint separation due to lightning! In 4 of the 18 cases reported by Andersen et al. (1962) , dislocation of the incus had followed mastoid surgery; similar cases have also been described by Schuknecht & Trupiano (1957) , Hough (1959) , Freeman (1959) and Anklesaria (1963) ; and two years ago I explored an ear from which the incus had entirely disappeared following a simple cortical mastoid operation in childhood.
There are also many reports of necrosis of the incus and fractures of the stapedial crura following operations for mobilization of the stapes.
Injuries to the ossicles are most commonly unilateral but bilateral cases of traumatic luxation of the incudostapedial joint have been reported by Gisselsson (1958) and by Flisberg & Floberg (1960) . The diagnosis of these ossicular lesions is usually not difficult, provided the possibility of their occurrence is constantly borne in mind. The history is of deafness following a traumatic incident, usually with bleeding from the affected ear, commonly with a period of unconsciousness after the accident. Facial palsy has been reported by many authors, with recovery in most cases. The tympanic membrane is intact and normal in appearance but Does & Bottema have pointed out that these injuries may be accompanied by subluxation or adhesions of the malleo-incudal joint in the epitympanum; they believe that When there is a total functional disruption of the ossicular chain, pure-tone audiometry will usually show a loss of hearing by air-conduction in excess of 50 dB, the hearing by bone-conduction remaining normal; the bone-conduction audiograph is approximately parallel to the air-conduction audiograph. Bauer (1964) has pointed out that Carhart's notch which appears as a dip at 2,000 c/s in the bone-conduction audiograph and is characteristically present in otosclerosis, may often be absent in these cases; he believes that, if the bone-conduction audiograph does not show Carhart's notch, the oval window is unlikely to be blocked by stapes fixation.
Radiography of the temporal bone, especially with Owen's view and with tomography, may sometimes demonstrate a dislocation of the malleus or the incus, but the stapes and incudostapedial joint cannot be demonstrated.
Does & Bottema were able to make a correct prediction of the state of the ossicles in only a small number of their cases with the electroacoustic impedance meter.
Therefore the final diagnosis, always suggested when there has been a head injury, can be made only by direct surgical exposure of the middle ear.
Finally, I want to summarize in a series of drawings, the traumatic lesions of the ossicles that have been described during the past decade, and the various methods of surgical correction that have been successfully employed by the authors referred to in this review (Fig 6-13) . Figure 6 shows the traumatic lesions of the incus. In A, there is a simple luxation of the incudo-stapedial joint; in B, there is separation of the joint with necrosis of the lenticular process and tip of the long process of the incus. In this instance, there is a fine fibrous strand between the incus and the stapes; c shows a dislocation of the incus from the malleus and stapes; this lesion has been described in several instances following mastoid surgery. In D the incus is totally absent; I have seen this once in a patient who had a severe conductive deafness following simple mastoid surgery in childhood. Figure 7 shows two traumatic lesions of the stapes. In A, there is a simple fracture of the crura; in B, the crura have been fractured and the stapes superstructure, still attached to the stapedius tendon, has become displaced from its normal position. Figure 8 shows a traumatic dislocation of the malleus. This was the state found in Hammond's case, where the malleus had become entirely separated from the tympanic membrane. A simple luxation of the incudostapedial joint ( Fig 9A) may be successfully corrected by simple repositioning of the lenticular process of the incus on the head of the stapes (Fig 9B) . When the lenticular process and part of the long process of the incus are necrosed (Fig 1OA) , the gap between the incus and the stapes may be (Andersen, Jepsen & Ratjen; Hough) . c, interposition of polythene tubing between lenticularprocess ofincusandheadofstapes (Ballantyne; Hammond). D, interposition ofpolythene tubing between stump oflongprocess ofincus and head ofstapes (Sooy) . E, fat-and-wire prosthesis after stapedectomy (Ballantyne). F, piston prosthesis after partial or total removal ofstapedialfootplate c, myringo-stapediopexy: tympanic membrane pushed on to head of stapes (Bauer; Thorburn) . The membrane may also be pushed on to the incus, when the incudostapedial joint is intact (Does & Bottema; Hammond) . D, interposition of polythene tube between neck of malleus and head of stapes (Does & Bottema) . E, interposition ofpolythene tube between neck of malleus and footplate of stapes (or oval window, over a vein graft, after stapedectomy) (Does & Bottema) . A flanged polythene tube may be brought under the tympanic membrane (Andersen, Jepsen & Ratjen) bridged by the interposition of bone, connective tissue or Gelfoam between these ossicles (Fig lOB) or by the use of polythene tubing (Fig lOc) .
When the necrosis has spread further up the long process, a polythene sleeve may be fitted over it, and the head of the stapes may be fitted into a diamond-shaped hole cut in the side of the sleeve (Fig 1OD) .
Should any or all of these methods fail, a fat-and-wire prosthesis ( Fig 1OE) or a piston prosthesis ( Fig 1OF) may be inserted after total or partial removal of the stapedial footplate.
When the incus is completely dislocated from the malleus and the stapes (Fig 11A) , it has been successfully interposed between the malleus and the stapes (Fig 11B) . More frequently the incus will have to be removed: and after its removal either the drumhead may be pushed on to the head of the mobile stapes (Fig 1 ic) the operation of myringo-stapediopexy; or a polythene tube may be placed between the neck of the malleus, on the one hand, and on the other hand, the head of the stapes (Fig l1D) or its footplate (Fig lIE) . Simple fracture of the stapedial crura ( Fig 12A) may be treated by the interposition of connective tissue or Gelfoam between the fragments (Fig 12B) .
When the superstructure has been displaced (Fig 12c) , a polythene ( Fig 12D) or other prosthesis may be placed between the incus and the stapedial footplate or, if this has been shattered, any of the techniques of stapedectomy may be employed. Figure 13 shows the rarer dislocation of the malleus (Fig 13A) . After removing the malleus, the tympanic membrane may be pushed on to the incudostapedial complex ( Fig 13B) the operation of myringo-incudopexy; or after removal of the incus (Fig 13c) a flanged polythene tube may be interposed between the tympanic membrane and the stapes.
Conclusion
When a head injury is followed by conductive deafness, it is most commonly due to a simple hmmotympanum or to a traumatic rupture of the tympanic membrane, and complete recovery of the hearing is to be expected in the majority of these cases.
However, if a hearing loss remains after the drumhead has healed and all signs of a hxemorrhagic exudate have disappeared, then disruption of the ossicular chain must be suspected and the middle ear should be explored surgically; many of these lesions can be corrected by one or other of the various ossiculoplastic procedures which have been described.
Finally, if to these cases of conductive hearing loss we add also those cases of perceptive deafness and facial palsy which may follow severe head injuries, there is clearly a very strong point to be made for referring to the otologist every patient who has suffered such an injury.
